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Endocytosis8-Dehydrosterols are present in a wide range of biologically relevant situations, from human rare diseases to
amine fungicide-treated fungi and crops. However, the molecular bases of their toxicity are still obscure. We
show here that 8-dehydrosterols, but not other sterols, affect yeast vacuole acidiﬁcation through V-ATPases.
Moreover, erg2Δ cells display reductions in proton pumping rates consistent with ion-transport uncoupling
in vitro. Concomitantly, subunit Vph1p shows conformational changes in the presence of 8-dehydrosterols.
Expression of a plant vacuolar H+-pumping pyrophosphatase as an alternative H+-pump relieves Vma−-like
phenotypes in erg2Δ-derived mutant cells. As a consequence of these acidiﬁcation defects, endo- and exo-cytic
trafﬁc deﬁciencies that can be alleviated with a H+-pumping pyrophosphatase are also observed. Despite their
effect on membrane trafﬁc, 8-dehydrosterols do not induce endoplasmic reticulum stress or assembly defects
on the V-ATPase. Autophagy is a V-ATPase dependent process and erg2Δmutants accumulate autophagic bodies
under nitrogen starvation similar to Vma− mutants. In contrast to classical Atg− mutants, this defect is not
accompanied by impairment of trafﬁc through the CVT pathway, processing of Pho8Δ60p, GFP-Atg8p localisation
or difﬁculties to survive under nitrogen starvation conditions, but it is concomitant to reduced vacuolar protease
activity. All in all, erg2Δ cells are autophagymutants albeit some of their phenotypic features differ from classical
Atg− defective cells. These results may pave the way to understand the aetiology of sterol-related diseases, the
cytotoxic effect of amine fungicides, and may explain the tolerance to these compounds observed in plants.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
In eukaryotes, proper acidiﬁcation of organellar lumina is a para-
mount process that inﬂuences vesicle fusion [1,2], transport of
cargoes and membranes [3] or storage of metabolites like amino
acids [4], among other processes. At the cellular level, manipulation
of the proteins responsible for the generation and maintenance of
proton gradients across organellar membranes has been proved to
affect autophagy [5], alter resistance to some abiotic stresses in
plants [6,7] and represent an attractive target for cell death induction
in cancer therapy [8]. Plants, microalgae and many protists display a
double set of primary H+-pumps in intracellular organelles: in addition
to V-ATPases, they present membrane-bound H+-pumping pyrophos-
phatases (H+-PPases) [9–11]. These simpler H+ pumps are also related
to a radical difference on cytosolic inorganic pyrophosphate (PPi) re-
moval: plants and microalgae couple PPi hydrolysis to ion transportLucifer yellow; PPi, Inorganic
sphatase; PPase, Inorganic
; PI, Propidium iodide; IP,
ernández), aurelio@ibvf.csic.esby membrane-bound H+-PPases, while fungi and animals rely on solu-
ble PPases that dissipate PPi energy as heat [10,11]. The signiﬁcance of
this double set of pumps in intracellular organelles is still an unresolved
question, as much as its inﬂuence on anabolism through regulation of
PPi levels.
Sterols are one of the main components of lipid bilayers and play a
decisive role in determining membrane-associated processes like cell
signalling and membrane-bound enzyme activity. It is not surprising
then that several genetic diseases have been described to be caused
by mutations in key enzymes in human sterol biosynthesis, such as
X-chromosome linked chondrodysplasia punctata (CDPX2) [12]. This
condition is associated to mutations in the gene EBP encoding the
human 3β-hydroxysteroid-Δ8,Δ7-isomerase [13]. Although there is a
vivid interest in rare diseases, the biochemical or cellular mechanisms
of CDPX2 are still unknown. On the other hand, amine fungicides are
effective inhibitors that target sterol-Δ8,Δ7-isomerase and sterol-Δ14-
reductase. Paradoxically, plants and fungi have been known for a long
time to display similar in vitro inhibitor sensitivity in their sterol biosyn-
thetic enzymes [14], but the latter organisms are far more sensitive to
inhibition of this pathway. So far, no cellular explanation for this phe-
nomenon is available. Furthermore, plant sterol metabolism is receiving
increasing attention, among other reasons because fungicides targeting
ergosterol biosynthesis, although well tolerated, are known to disturb
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to affect photosynthesis [17].
The Saccharomyces cerevisiae ERG2 gene encodes the yeast sterol-
Δ8,Δ7-isomerase, an orthologue of human EBP and Arabidopsis thaliana
HYD1 [18]. Noticeably, mutants defective in ERG2 are known to accumu-
late 8-dehydrosterols [19] and to display a series of phenotypes akin
to those observed in V-ATPase mutants [20–22], and they were early
identiﬁed as endocytic trafﬁc mutant end11 [23]. Defects leading to the
accumulation of some abnormal sterols, namely 14α-methylated sterol
precursors, were reported to affect V-ATPase [24,25] and proposed
as part of the fungicidal effect of azole antifungals, but the effect of
8-dehydrosterols is still unknown.
In this report, we show that 8-dehydrosterols affect V-ATPase
function. Consequently, some of the phenotypes related to the presence
of 8-dehydrosterols in yeast membranes, such as inability to grow at
alkaline pH or in the presence of Zn2+ and defects in endo- and exocyto-
sis, are alleviated in the presence of a plant H+-PPase as an alternative
proton pump. Also,we show that erg2Δ cells display defects in autophagy
that can be rescued by a H+-PPase. These results can help to understand
the cellular effects of 8-dehydrosterols, the signiﬁcance of the presence
of a double set of H+-pumps in endomembrane systems of plants and
many eukaryotic microorganisms and help to understand their natural
resistance to commonly used inhibitors of sterol biosynthesis.
2. Materials and methods
2.1. Yeast strains, plasmids and growth conditions
All strains are derivatives of S. cerevisiae strain W303-1a (MATa
leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15) or SE6210
(MATα leu2-3,112 ura3-52 his3-Δ200 trp1-Δ901 suc2-Δ9 lys2-801).
Relevant genotypes are described on Table 1. Yeast soluble PPase IPP1
or TcGFP-AVP1, a chimaera consisting of theH+-PPase vacuolar isoform
AVP1 from A. thaliana fused to theN-terminal sequence of theH+-PPase
TcVP from the protist Tripanosoma cruzi and the sequence of the green
ﬂuorescent protein from Aequorea victoria, were expressed from a
pRS699 multicopy plasmid as described [26]. Introduction of plasmidsTable 1
Yeast strains used in this work.
Name Relevant genotype Reference
W303-1a Mat a leu2-3112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [68]
JRY7773 W303-1a erg2Δ::TRP1 [68]
JRY7775 W303-1a erg3Δ::TRP1 [68]
JRY7776 W303-1a erg4Δ::TRP1 [68]
RH6822 Mat a ura3 his3 leu2 bar1-1 [69]
RH6829 Mat a ura3 his3 leu2 trp1 bar1-1
erg5Δ::HIS5-GPD-DHCR24 erg6Δ::TRP1-GPD-DHCR7
[69]
SAH6 W303-1a stv1Δ::TRP1 This study
SAH7 W303-1a vph1Δ::KanMX4 This study
YPC3 W303-1a ipp1UAS-ipp1TATA::HIS3-GAL1UAS-GAL1TATA-IPP1 [39]
SAH2 YPC3 erg2Δ::TRP1 This study
SAH5 YPC3 stv1Δ::TRP1 This study
SAH6 YPC3 vph1Δ::KanMX4 This study
SEY6210 Mat α his3-Δ200 leu2-3112 lys2-801 trp1-Δ901 ura3-52
suc2-Δ9 GAL
[70]
WPHYD7 SEY6210 atg8Δ::LEU2 [71]
UNY123 SEY6210 atg4Δ::LEU2 [72]
SAH27 SEY6210 GPD1promoter::pho8Δ60::KanMX4 This study
SAH18 W303-1a erg2UAS-erg2TATA::KanMX4-GAL1UAS-GAL1TATA-ERG2 This study
SAH23 SEY6210 atg8Δ::LEU2 GPD1promoter::pho8Δ60::KanMX4 This study
SAH32 SEY6210 vph1Δ::KanMX4 GPD1promoter::pho8Δ60::natR This study
SAH33 SEY6210 erg2Δ::KanMX4 GPD1promoter::pho8Δ60::natR This study
SAH44 W303-1a GPD1promoter-GFP::atg15::natR This study
SAH45 W303-1a vph1Δ::KanMx4 GPD1promoter-GFP::atg15::natR This study
SAH46 W303-1a stv1Δ::TRP1 GPD1promoter-GFP::atg15::natR This study
SAH47 SAH18 GPD1promoter-GFP::atg15::natR This study
BJ3505 Mat a pep4Δ::HIS3 prb1-Δ1.6R lys2-208 trp1- Δ101 ura3-52
gal2 can
[73]into yeast cells was done by the lithium-acetate method [27]. Cells
were routinely grown on standard YP or synthetic media supplemented
with appropriate carbon sources [28]. Unless otherwise stated, all deter-
minations were done on exponentially-growing cells (0.5 b A600 N 0.8).
For drop tests, cells were grown to early stationary phase. A600 of
cultures were then adjusted to 0.4 (ca 4 × 106 cells/ml) with water
and three 10-fold serial dilutions in water prepared from them. Two-
point-ﬁve microliter aliquots from each dilution were placed onto
appropriate agar plates, resulting in ca 104, 103, 102 or 10 cells per
spot, accordingly. For analysis of responses under nitrogen starvation,
cells were incubated in nitrogen starvation minimal medium (0.17%
yeast nitrogen base without amino acids and ammonium sulphate
supplemented with 2% glucose) for three hours prior analysis, except
in the case of accumulation of autophagic bodies, when incubation
time was ﬁve hours.
2.2. Whole cell and membrane preparations for immunochemical and
enzymatic assays
For whole cell extracts, yeast cells were washed, resuspended
in Thorner buffer without β-mercaptoethanol (8 M urea, 10% SDS,
40 mM Tris, pH 6.8) and subjected to vigorous vortexing for ﬁve
one-min bursts in the presence of glass beads (0.5 mm Ø). Cell debris
and glass beads were collected by centrifugation at 16,000 ×g for
10 min. The supernatant constituted the whole cell extract.
Total membranes were isolated by differential centrifugation. Brieﬂy,
yeast cells were washed, resuspended in 25 mM Tris–HCl pH 8.0, 2 mM
EDTA, 2mMDTT and protease inhibitors (Sigma, St. Louis, MO) and sub-
jected to ten 30 s vortexing bursts with 1 min resting periods on ice.
Glass beads and debris were precipitated at 3000 ×g for 5 min and the
resulting supernatantwas centrifuged at 50,000×g for 30min. The pellet
constituted the total membrane fraction.
For vacuolar vesicles, intact vacuoles were isolated essentially as
described [29] with the only modiﬁcation of using a single 8% ﬁcoll gra-
dient. Vacuoles were vesiculated by resuspension in TKE buffer (10mM
Tris/HCl pH7.5, 2mMKCl, 1mMEDTAandprotease inhibitors); vesicles
were recovered after centrifugation at 100,000×g for 30min and resus-
pended in TKE. The formation of aΔpHwas evaluated as the ACMAﬂuo-
rescence quenching produced by the activity of the tonoplast H+-
ATPase using the following reaction mixture: 1 μM ACMA, 20 mM
MOPS-Tris pH 7.2, 25 mM KCl, 2 mM MgCl2, and vacuolar membrane
preparation (up to 50 μg of protein). The assay was initiated with the
addition of 1.5 mMATP. Recovery of ﬂuorescence, as a proof of gradient
formation,was induced by adding 3 μMgramicidin D. ATPase hydrolytic
activities were assayed as described [30].
2.3. Microscopic techniques
Cells were visualised using a Leica DM6000B epiﬂuorescencemicro-
scope with either Nomarsky optics, Texas red or FITC ﬂuorescence
ﬁlters, as appropriate. Endocytosis was followed by vital staining using
the red ﬂuorescent vital dye FM4-64 (Invitrogen, Carlsbad, CA): yeast
strains were grown to mid-log phase and later pulse-labelled with
FM4-64 for 30 min on ice, washed and chased for 60 additional min to
display intracellular compartments as described in [31]. Additionally,
Lucifer Yellow dye (Sigma-Aldrich, Madrid) was used to reveal ﬂuid
phase endocytosis [32]. Cell counting was done over Nomarsky optics
(autophagic bodies) or ﬂuorescence pictures (LY); a minimum of 300
cells were counted per experiment. Data presented are average ± SE
of three independent experiments.
2.4. Immunoprecipitation assays
For immunoprecipitation assays, cells were grown in 50 ml of cul-
ture medium to mid-log phase and washed once in SPMB buffer (1 M
sorbitol, 50 mM potassium phosphate buffer pH 7.5, 1 mM MgCl2).
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(5000 units) at 30 °C with gentle rocking for 60 min. Protoplasts were
centrifuged at 3000 ×g for 7 min and washed once in YPD plus 1.2 M
sorbitol prior to incubate them in this same medium for 30 min at
30 °C. After this, protoplasts were centrifuged at 3000 ×g for 7 min
and washed once in SMPB. After a second centrifugation, the pellet
was resuspended in cold IP buffer (PBS supplemented with 1% β-
dodecylmaltoside, 1 mM EDTA, 1 mM PMSF, 1 mM benzamidine and a
protease inhibitor cocktail (Sigma, St. Louis, MO). Cells were solubilised
for 30 min on ice and insoluble material was eliminated by centrifuga-
tion at 16,000 ×g for 20 min. The supernatant represented the whole
cell extract. Immunoprecipitations were set by adding cell extracts
(100 μg of protein) to Protein G-Dynabeads (Invitrogen, Carlsbad, CA)
previously bound to 5 μg of anti-Vma1p antibodies in a total volume
of 500 μl of PBS plus 1%β-dodecylmaltoside. Thismixturewas incubated
overnight at 4 °C with mild agitation by tumbling. The following day,
the Dynabeads were magnetoprecipitated and washed 5 times with
PBS + 0.1% β-dodecylmaltoside. Washed pellets were resuspended in
Thorner buffer and heated to 55 °C for 10 min prior to loading onto
SDS-PAGE gels.
2.5. β-Galactosidase assays.
ER-stress was measured as the induction of expression of β-
galactosidase driven from a fusion of four unfolded protein response
promoter elements (4× UPRE) localised on plasmid pJC104, using
o-nitrophenyl-β-galactopyranoside as a substrate (Cox and Walter,
1996). Overnight cultures, in triplicate tubes, were diluted and left to
grow for 2 generations; after this time, when appropriate, cultures
were exposed to stress for 5 h, harvested, and the pellets ﬂash-frozen
in liquid nitrogen. Activity of β-galactosidase was measured as in
(Giacomini et al., 1992) using SDS and chloroform as permeabilising
agents. Total activity, in Miller units, was referred to that found in un-
treated W303-1a cells.
2.6. Invertase exocytosis
Suc2p-exocytosis was determined as described in [33]. Brieﬂy, cells
were grown on 5% glucose YPD to ca 8 × 106 cells/ml, harvested by
centrifugation and resuspended on 0.1% glucose YPD medium. At the
indicated times, aliquots of 3.5 × 106 cells were taken, centrifuged and
metabolism halted by resuspension in 0.5 ml of ice-cold 10 mM azide.
Half of this volume was used without further treatment to determine
periplasmic invertase activity. The remaining cells were centrifuged,
resuspended in 1% Triton X-100, 10 mM azide and subjected to freeze-
thawing in liquid nitrogen to permeabilise cells (total invertase
activity). Assays to determine invertase activity in samples were done
as in [34].
2.7. Other enzymatic assays
PHO8Δ60 strainswere generated by genetic recombination of linear
DNA PCR products obtained as described by [35] and are listed in
Table 1. Alkaline phosphatase assays were done by quantitation of ﬂuo-
rescence using yeast whole cell extracts and α-naphthyl phosphate as
substrate [35].
Protease A activity was determined as described by Jones [36] using
haemoglobin as a substrate.
2.8. Protein determination and Western blotting
Protein determination was done using a dye-binding based assay
from Bio-Rad (Hercules, CA), according to manufacturer instructions
or a modiﬁed Lowry assay (Thermo Scientiﬁc, Rockford, IL), and using
ovoalbumin as a standard. Proteins were separated in SDS-PAGE gels
using standard procedures [37]. Proteins were then transferred tonitrocellulose ﬁlters and probed with antibodies raised against Vma1p
andVph1p (monoclonals 8B1 and 10D7, respectively;Molecular Probes,
Leiden). Proteins were visualised on X-ray ﬁlms using horseradish
peroxidase-coupled secondary antibodies and a chemiluminescence
kit (Millipore, Madrid). For trypsin sensitivity assays, 37.5 μg of vacuole
membrane vesicle proteinswere diluted in PBS to a ﬁnal volume of 75 μl
and incubated at 37 °C for the duration of the assay. At the beginning
of the experiment, 22.5 μg of trypsin were added. At the indicated
times, 10 μl aliquots were taken, diluted in electrophoresis loading
buffer supplemented with 1 mM PMSF and a protease inhibitor cocktail
(Sigma-Aldrich, Madrid), and snap frozen in liquid nitrogen until use.
Preliminary experiments indicated no degradation by endogenous
proteases in the time-lapse used for these experiments (data not
shown). Western blot analysis was done as above. Levels of Vph1p
were visualised by immunodetection with anti-Vph1p antibodies and
quantitation of the chemiluminescent signal was done using a CCD
camera and QuantityOne software (BioRad, Madrid). Protein load on
gels was quantitated from images obtained using trichloroethanol-
enhanced protein tryptophan ﬂuorescence (TETF) [38].
2.9. Survival assays
Yeast strainswere transformedwithpRS31X series plasmids to com-
plement all auxotrophies not covered by expression plasmids. Cells
were grown overnight in glucose-supplemented synthetic medium
without appropriate amino acids, next morning cells were washed
with sterile distilled water, diluted to A600 = 1 and left for the duration
of the experiment in nitrogen starvation synthetic medium (0.15% yeast
nitrogen base without amino acids and ammonium sulphate) supple-
mented with 2% glucose. Aliquots were taken at the indicated times
and diluted to plate ca 300 cells per YPD Petri dish. Actual cell con-
centrations in the cultures were estimated by counting cells on a
haemocytometer. Colonies formed on plates were counted three days
after inoculation. Three plates were inoculated per time point and ex-
periment. Data presented are the average ± SE of three independent
experiments.
2.10. Other methods
Statistical analysis was done using unpaired t-tests with a conﬁ-
dence limit of p ≤ 0.05 for signiﬁcance. Unless otherwise stated, experi-
ments were repeated three times.
3. Results
3.1. A plant H+-PPase complements erg2Δ phenotypes in yeast
In a recent report, our group described the construction of a chimae-
ric transporter protein consisting (N to C termini) of the N-terminal sig-
nal sequence of the H+-PPase from Tripanosoma cruzi (TcVP) followed
by the full amino acid coding sequences of the green ﬂuorescent protein
from Aequorea victoria and that of the A. thaliana vacuolar H+-PPase
(AVP1) [39]. This construct is named hereafter TcGFP-AVP1. In a subse-
quent report we also demonstrated that the TcGFP-AVP1 construct
could complement defects in Vma− yeast mutants due to its capability
to acidify intracellular organelles [26]. On Fig. 1A we show that this
system is well suited to study phenotypes associated to defects in vacu-
olar acidiﬁcation. Yeast deletion mutants on the Golgi-located isoform
(stv1Δ, SAH5 strain) and on its vacuolar counterpart (vph1Δ, SAH6
strain) of the V-ATPase a subunit were constructed as derivatives of
YPC3 strain [39]. This genetic background is necessary since absence
of the cytosolic soluble PPase Ipp1p is required for heterologous H+-
PPases to pump protons efﬁciently across endomembrane systems
[26]. In particular, this strain has its genomic copy of the essential
gene IPP1 encoding the yeast soluble pyrophosphatase modiﬁed to be
expressed under the control of the GAL1 promotor; thus, on glucose
Fig. 1. Complementation of vacuole phenotypes by heterologous expression of a plant H+-pumping PPase in stv1Δ, vph1Δ and erg2Δ yeastmutants. Exceptwhere indicated, all strains are
derivatives of YPC3 (IPP1 under GAL1 promoter). (A) A GFP-chimaera of AVP1 (TcGFP-AVP1), the K+-dependent H+-pumping PPase from Arabidopsis thaliana, complements phenotypic
growth defects in vph1Δmutants. Yeast cultureswere grown as described inMaterials andmethods to early stationary phase. From left to right, spots correspond to ca 104, 103, 102 and 10
cells seeded onto the corresponding plate, respectively. Spots in top and bottom pictures correspond to the same plate, where irrelevant spots had been eliminated for clarity. (B) TcGFP-
AVP1 complements phenotypic growth defects in an erg2Δ background. Spots as in panel A. (C) Tridemorph, an Erg2p inhibitor, induces V-ATPase defects. Strain used is YPC3 (IPP1 under
GAL1 promoter) transformedwith the indicated plasmids. YPD plates were supplementedwith 1.5 μM tridemorph and 2mM ZnSO4, where indicated. Spots as in A. (D) V-ATPase defects
are dependent on the sterol species present in membranes, not on depletion of ergosterol. Mutants in ERG genes are derivatives of W303-1a; RH 6829 (a cholesterol only-engineered
strain) is a derivative of RH 6822. YPD plates were supplemented with ZnSO4, where and as indicated. Amounts of cells inoculated per spot as in A. All media are complex YP media
supplemented with the indicated carbon sources and under the indicated conditions.
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phosphatase expressed from a plasmid. Yeast vph1Δ mutants (SAH6)
clearly showed that their sensitivity to alkaline pH and zinc, two well-
known phenotypic features associated to dysfunction of vacuolaracidiﬁcation [20,40], could be reverted by the expression of TcGFP-
AVP1 when using glucose as a carbon source. In contrast, stv1Δ (SAH5)
showed no growth defects on alkaline media or in the presence of zinc
(Fig. 1A). Genetic defects in the last steps of ergosterol biosynthesis
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in Vma− mutants. To ascertain if these erg2Δ-associated phenotypes
could be related to a deﬁciency in vacuolar acidiﬁcation, we tested
the ability of TcGFP-AVP1 to complement the same growth phenotypes
tested on vph1Δmutants (Fig. 1B) using a YPC3-derivative where the
genomic ERG2 gene had been deleted by homologous recombination
(SAH2 strain). Indeed, heterologous expression of the alternative proton
pump TcGFP-AVP1 alleviated the sensitivity to both alkaline medium
and zinc in these cells, while overexpression of the control yeast soluble
PPase IPP1 did not.
Wewanted to conﬁrm that the acidiﬁcation defectswere also part of
the set of effects induced by amine fungicides. Indeed, well tolerated
concentrations of Zn2+ (2 mM) became growth impairing to a wild-
type yeast strain in the presence of sub-lethal concentrations of
tridemorph (1 μM) (Fig. 1C), an amine fungicide that speciﬁcally
inhibits Erg2p [41]. Moreover, these growth defects were alleviated by
the expression of TcGFP-AVP1.
To solve the issue of whether ergosterol depletion or abnormal ste-
rols per se are the cause of the observed impairment in acidiﬁcation,
we analysed the resistance to Zn2+ in other strains devoid of any ergos-
terol (Fig. 1D). Strains accumulating predominantly fecosterol (erg2Δ)
showed sensitivity to Zn2+ at concentrations close to those observed
to inhibit growth in a V-ATPase mutant (vph1Δ). However, strains
accumulating chieﬂy ergosta-5,7,24(28)-trienol (erg4Δ) or cholesterol
(RH 6829) showed reduced sensitivity to Zn2+, and that accumulating
principally episterol (erg3Δ) displayed no apparent differences com-
pared with a wild-type strain.
3.2. 8-Dehydrosterols impair H+-pumping at the vacuole
A possible cause for the observed phenotypes in erg2Δ cells could be
that 8-dehydrosterols, like other abnormal sterols [42], were affecting
protein trafﬁc of the V0 V-ATPase domain from the endoplasmic reticu-
lum to the Golgi system and thus impairing correct assembly of the V1
domain on it [43]. We made whole cell extracts from a wild-type
W303-1a strain and its erg2Δ mutant derivative and analysed the
amount of Vph1p associated to Vma1p by co-immunoprecipitation, as
marker subunits of V0 and V1 domains, respectively (Fig. 2A). However,
we did notﬁnd any remarkable differences either in the amount of poly-
peptides precipitated or in the Vph1p/Vma1p ratios between wild-type
and erg2Δ-derived strains. Still, if ER-to-Golgi system protein transport
was affected in any way, this should provoke ER stress and, as a conse-
quence, unfolded protein response (UPR) [44]. To ascertain whether
this was the case, we introduced the plasmid pJC104 into W303-1a
and erg2Δ strains. This 2μ plasmid contains a fusion of four in-tandem
copies of a UPR-responsive promoter element driving the expression
of the β-galactosidase ORF [45]. Untreated erg2Δ cells showed a slightly
greater β-galactosidase activity than wild-type cells (less than two-
fold) that was not statistically signiﬁcant (Fig. 2B). Similarly, treatment
with tridemorph, an amine fungicide that speciﬁcally inhibits Erg2p
in yeast [41], did not increase β-galactosidase activity with respect to
controls. In contrast, wild-type or erg2Δ yeast cells treated with 3 mM
DTT, a known inducer of ER-stress [46], displayed a ﬁve- to seven-fold
greater β-galactosidase activity, compared with the corresponding un-
treated cells.
To ascertain if erg2Δ phenotypes observed were due to impairment
of V-ATPase transport functions, we isolated vacuole vesicles from
strains W303-1a and erg2Δ. Proton-pumping assays done using these
vesicles revealed that vacuole vesicles from erg2Δ cells were seriously
impaired for H+ gradient generation (Fig. 2C). In particular, erg2Δ-
derived vacuolar vesicles displayed a ca 2.2-fold smaller rate of proton
transport than wild-type ones (163 ± 47 vs 359 ± 62%F min−1 mg−1
protein ± SE, respectively; n= 3). Similarly, the magnitude of gradient
formedwas affected to roughly the same extent: under the assay condi-
tions, maximal quenching using wild-type vesicles was 45.4 ± 4.6%,
while erg2Δ-derived vesicles levelled at 21.3 ± 2.9% (percentage ofACMAﬂuorescence using 40 μg protein±SE, n=3). In contrast, the hy-
drolytic activity of theV-ATPase showed a smaller inhibition, comparing
again erg2Δwith wild-type: we estimated an activity of 403± 26 nmol
Pi min−1 mg−1 protein using wild-type derived vacuolar vesicles vs
324 ± 34 nmol Pi min−1 mg−1 protein using similar preparations
obtained from erg2Δ cells (averages ± SE, n = 3).Western blots using
protein markers for the membrane embedded domain V0 (Vph1p)
and the extrinsic V1 (Vma1p) showed similar levels in both wild-type
and erg2Δmutant (Fig. 2D).
We observed that Vph1p was remarkably prone to proteolytic
degradation in vacuole preparations from erg2Δmutant cells, sugges-
tive of a conformational change similar to that observed in sterol-
deprivation experiments [24]. To analyse this possibility, vacuolar
membrane preparations from both wild-type and erg2Δmutants were
subjected to trypsin digestion. A time-course analysis (Fig. 2E) con-
ﬁrmed that Vph1p displayed a drop in half-life from 21.7 ± 0.4 min in
wild-type cells to 5.4 ± 0.4 min in preparations from erg2Δ mutants,
in the presence of trypsin.
3.3. Endocytosis phenotypes or erg2Δ cells are alleviated by expression of a
H+-PPase
Some of the most typical phenotypes associated to ERG2 and
V-ATPase deﬁciency are defects in the endocytic trafﬁc. These defects
can be evaluated by the internalisation of the lipophilic tracer dye
FM4-64. We tested if the expression of TcGFP-AVP1 could alleviate
this phenotype (Fig. 3A). Expression of this H+-pump did not alter
signiﬁcantly the staining pattern in YPC3 wild-type cells, compared
with non-transporting soluble PPase (IPP1) expressing YPC3; neverthe-
less, more vacuolar fragmentation could be observed in H+-PPase
expressing cells, a feature already reported in a previous article [39].
As expected, expression of this alternative proton pump restored the
ability of vph1Δ (SAH6 strain) cells to internalise FM4-64. More impor-
tantly, TcGFP-AVP1 also allowed erg2Δ (SAH2) cells to internalise this
vital dye in a way akin to that observed in wild-type YPC3 cells. Still,
this recovery of function was not as complete as that observed in
vph1Δ cells and the level of plasma membrane residual staining was
greater in erg2Δ cells than in the latter strain.
A complementary approach was used to conﬁrm that ﬂuid-phase
endocytosis was also improved by expression of TcGFP-AVP1. Lucifer
Yellow (LY) is a soluble ﬂuorescent vital dye that accumulates in vacu-
oles only if endocytic trafﬁc is effective. Similar to what was observed
in the case of FM4-64, vph1Δ yeast cells showed no accumulation
of the dye in their vacuoles if IPP1 was expressed from a plasmid
(Fig. 3B). However, if vacuolar acidiﬁcation was restored by means of
the H+-PPase TcRED-AVP1, this mutant showed a notable accumulation
of LY. The chimaeric H+-PPase TcRED-AVP1 was chosen because it pro-
vided an efﬁcient and clean complementation of vacuole acidiﬁcation
defects similar to those attainedwith TcGFP-AVP1 [26] but circumvented
the emission of ﬂuorescence in the same range as LY. Yeast cells accu-
mulating 8-dehydrosterols (erg2Δ) behaved in the same way as vph1Δ
cells, namely, they were unable to internalise LY if IPP1 was expressed
episomally, while they showed nearly no differences with a wild-type
if TcRED-AVP1 was expressed as an alternative proton pump.
3.4. Mutants in erg2Δ show acidiﬁcation-dependent exocytosis defects
Often, links between accumulation of 8-dehydrosterols, like
fecosterol, and cell wall defects have been found in both plants and
fungi [47,48]. Wemeasured the sensitivity of erg2Δ and vph1Δmutants
to cell wall damage as the velocity of cell bursting under hypotonic con-
ditions produced by lyticase treatment, a cell wall digesting commercial
mixture of enzymes (Fig. 4A). In order to ascertain if acidiﬁcation
defects were involved, we made use of strains dependent on a GAL1
promotor for the expression of the essential IPP1 gene. Mutant cells
(either erg2Δ or vph1Δ) expressing ectopically the IPP1 ORF displayed
Fig. 2. 8-dehydrosterols impair V-ATPase proton pumping activity. (A) Quantiﬁcation of global V-ATPase assembly. Detergent-solubilised whole cell extracts were subjected to immuno-
precipitation (IP) with a monoclonal antibody against Vma1p and analysed byWestern blotting using anti-Vma1p and anti-Vph1p antibodies. One hundred micrograms of whole cell
protein preparation were used per IP. For comparison, inputs represent 20% of the total protein used in the co-IP assay. Mock: IP in the absence of cell extract. Strains: W303-1a and
JRY7773 (erg2Δ) (B) Evaluation of 8-dehydrosterol-induced ER stress. Yeast cells were grown to early-log phase and treated, as indicated, for 5 h prior analysis. Activity associated to
ER-stresswasmeasured as the induction of expression of β-galactosidase driven fromUPR promoter elements (4× UPRE, pJC104). Activity of β-galactosidase, inMiller units, was referred
to that found in untreated W303-1a. Solid bars: untreated strain, open bars: 3 μM tridemorph treatment, hashed bars: 3 mM dithiothreitol treatment. Strains: W303-1a and JRY7773
(erg2Δ). (C) Representative traces of proton pumping assays using ACMA and vacuolar membrane preparations from erg2Δ andW303-1a cells. Forty micrograms of membrane prepara-
tion were used per assay. Arrows indicate the timing of corresponding additions. (D) Levels of Vph1p and Vma1p in vacuole membrane vesicles as assayed byWestern blotting. Four
micrograms of protein were applied per lane. Loading was estimated by in-gel TETF and referred to values observed on theW303-1a lane. Strains as in panel A. (E) Trypsin susceptibility
assay. Five microgram aliquots of vacuole vesicle protein were taken at the indicated times and Vph1p levels analysed byWestern blot. A typical experiment is presented on the left
panel. Protein quantitation of three independent experiments (mean AU± SE) is shown on the right panel. Open circles: erg2Δmutant-derived vacuolar vesicles; solid circles: vacuolar
membranes obtained from the wild-type control. Strains used as in panel A.
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tal strain. However, if these same mutants expressed ectopically the
H+-pumping TcGFP-AVP1, their sensitivity was noticeably reduced in
the case of erg2Δ and comparable with that observed in a wild-type,
in the case of vph1Δ.
Cell wall construction depends on materials and enzymes being
transported to the outer limit of the cell by exocytosis [49,50]. We
used Pma1p and Suc2p as markers for correct exocytic trafﬁc. Pma1p
was found to be mislocalised in part to the vacuolar membrane in
the case of the erg2Δ mutant, as assessed using fractions enriched invacuolar vesicles probed with antibodies raised against Pma1p and
V-ATPase components (Fig. 4B). However, this mislocallisation could
be partially reverted if the H+-pumping TcGFP-AVP1 was expressed
ectopically (Fig. 4C). In contrast, invertase activity (Suc2p) was not
affected by mutations in either ERG2 or VPH1 genes (Fig. 4D).
3.5. Cells defective in ERG2 accumulate autophagic bodies
Inhibition of V-ATPase activity is widely used to induce autophagy
defects. Bearing in mind the previous results, we sought to assess if
Fig. 3. An alternative H+-pump alleviates endocytosis defects in erg2Δ and vph1Δ
mutants. All strains are derivatives of YPC3. (A) Endocytosis of the ﬂuorescent vital dye
FM4-64. Yeast strains were grown to mid-log phase and later pulse-labelled with FM4-
64 for 30minon ice,washed and chased for 60 additionalmin to display intracellular com-
partments. Nomarsky, Nomarsky differential interference contrast; FM4-64, ﬂuorescence
of FM4-64. Strains are derivatives of W303-1a. (B) Endocytosis of the soluble ﬂuorescent
vital dye Lucifer Yellow. Yeast strains were grown to mid-log phase and later stained
with Lucifer Yellow to reveal ﬂuid-phase endocytosis. Top panel, microscopic evaluation
of endocytosis. Nomarsky: Nomarsky differential interference contrast; LY: ﬂuorescence
from Lucifer Yellow. Lower panel, quantitation of LY uptake as the percentage of cells
showing ﬂuorescent vacuoles. Open bars, cells expressing ectopically IPP1; closed bars,
cells expressing TcRED-AVP1 ectopically. All strains are derivatives of YPC3 (genomic
IPP1 under GAL1 promotor) grown on glucose.
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we analysed the accumulation of autophagic bodies under nitrogen
starvation conditions, a characteristic phenotype of mutants impairedin the last steps of autophagy, such as vacuolar protease mutants [51].
As expected, cells defective in vacuolar proteases A and B accumulated
autophagic bodies if deprived for nitrogen in the growth medium
(Fig. 5A) and, consequently, the proportion of cells showing undigested
accretions were ca 40% of total cells in a culture under these condi-
tions (Fig. 5B). A similar pattern was observed in cells treated with
baﬁlomycin A, a speciﬁc V-ATPase inhibitor, or in vph1Δ mutants. In
the latter cases, the amount of autophagic bodies-displaying cells repre-
sented ca 50–60% of the culture. Cells defective in ERG2 also showed a
clear phenotype and the percentage of autophagic bodies accumulating
cells in a culture reached again ca 60%.
We then tested if this phenotype observed in erg2Δ cells was
also dependent on V-ATPase dysfunction. Strains expressing ectopically
the non-transporting pyrophosphatase gene IPP1 but bearingmutations
in either ERG2, STV1 or VPH1 showed similar defects as those observed
earlier, although the extent varied (Fig. 5C); thus SAH2 strains
(GAL1prom.-IPP1 erg2Δ) showed only ca 25% of cells accumulating
autophagic bodies, while those derived from W303-1a (see Fig. 5B)
exhibited ca 60%. Smaller differences were also observed in stv1Δ and,
particularly, in vph1Δmutants.Moreover, the presence of an alternative
PPi-dependent proton pump (TcGFP-AVP1) increased noticeably the
percentage of cells displaying autophagic accretions under normal
growth conditions, compared with IPP1 expressing controls. However,
strains expressing a H+-pumping pyrophosphatase displayed strong
reductions in the percentage of cells showing accumulation of autopha-
gic bodies under nitrogen starvation conditions, compared with IPP1
controls: ca 2.8-fold for erg2Δ, 3.6-fold for stv1Δ and 2.5-fold in the
case of vph1Δ.
3.6. Yeast erg2Δ cells show no further defects in autophagy
We sought to ﬁnd out if themacroautophagy phenotype observed in
erg2Δmutants conformed to the hypothesis that only the late steps in
autophagy were affected due to inhibition of V-ATPase activity. To this
end, we analysed the activation of Pho8Δ60p, a truncated form of alka-
line phosphatase that is only active if autophagy is properly induced
[35]. As expected, an atg8Δmutant showed a reduced ability to activate
Pho8Δ60p (Fig. 6A). Surprisingly, erg2Δ and vph1Δmutants showed no
differences compared with a wild-type.
Further examination of possible defects in early steps of autophagy
and their related vesicular transport pathways were analysed using
the processing of the aminopeptidase I (Ape1p) and a GFP-ATG8 fusion
protein as markers (Fig. 6B and C). In contrast to that observed in a
atg4Δmutant, Ape1p was correctly transported and processed in both
normal conditions (when the cytoplasm-to-vacuole pathway plays a
major role in transporting this enzyme to the vacuole for processing)
and nitrogen starvation conditions (when the autophagy pathway
takes over this function; Fig. 6B) in all strains tested. The only exception
was vph1Δ strain under nitrogen starvation conditions, when a modest
impairment of Ape1p processing was noticeable. Similarly, GFP-Atg8p
was observed to accumulate diffusely in the cytosol in all strains tested,
while the vacuole displayed a smaller ﬂuorescence intensity (Fig. 6C).
Under nitrogen starvation conditions, again, all strains showed greater
ﬂuorescence intensity in the vacuoles than in the cytosol, as expected
from a correct translocation of GFP-Atg8p to the lumen of this organelle
in the process of autophagy.
Autophagy defects translate into lower rates of survival under star-
vation conditions. In order to assess if erg2Δ cells were affected in
their ability to survive nitrogen starvation, we measured the capability
of these cells to form colonies through time in nitrogen-free minimal
medium. To avoid cell death related to inability to synthesise amino
acids [52], all strains were transformed with low copy plasmids of the
pRS31X series [53] in order to complement any auxotrophy not covered
by expression plasmids. Under these conditions, an atg8Δ mutant
displayed a characteristic low survival rate, compared with wild-type
cells: its survival half-time was only 1.7 ± 0.1 days vs 14.1 ± 8.6 days
Fig. 4. Acidiﬁcation-dependent defects in cell wall and exocytosis. (A) Cell wall resistance to
degrading enzymes (lyticase) assessed as the velocity of cell bursting in hypotonic medium.
Open bars, cells expressing ectopically IPP1; closed bars, cells expressing TcGFP-AVP1 ectopi-
cally. All strains are derivatives of YPC3 (genomic IPP1 under GAL1 promotor) grown on
glucose. (B) Mislocalisation of Pma1p to the vacuole. Vacuole vesicle (4 μg) and whole cell
(20 μg) extractswere probedwith antibodies raised against the indicated polypeptides. Load-
ing was estimated by in-gel TETF and referred to values observed on the corresponding
W303-1a lane. (C) Alleviation of Pma1p mislocalisation. Vacuole vesicle extracts (4 μg)
were probed with antibodies raised against the indicated polypeptides. Where indicated,
YPC3-derived strainswere used (GAL1p::IPP1); pIPP1 and pTcGFP-AVP1 denote strains trans-
formedwith expression plasmids bearing the indicated constructs. Loadingwas estimated by
in-gel TETFand referred to valuesobservedon theW303-1a lane. (D)Estimationof exocytosis
through the Suc2p-pathway. Cells were grown on 5% YPD to Abs600≈ 0.8 and invertase se-
cretion induced by resuspension in 0.1% glucose YPD. At indicated times, aliquots were taken
to determine periplasmic and total invertase activity. Sec18ts strain was grown at 23 °C until
10 min prior to induction of exocytosis, when it was placed at 37 °C for the duration of the
experiment. All strains are derivatives of W303-1a, except Sec18ts (derivative of RH1800).
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in all cases). W303-1a wild-type cells displayed a relatively shorter
half-life of only 5.1 ± 0.2 days, compared with the former reference
wild-type. Cells devoid of vacuolar ATPase (vph1Δ) showed a mod-
est decrease in their survival capability under nitrogen starvation,
compared with W303-1a, with an estimated half-time of 3.5 ±
0.2 days. Remarkably, erg2Δ cells showed a greater capability to with-
stand nitrogen starvation than its reference wild-type (W303-1a).
Thus, their survival half-timewas estimated to be roughly 3-fold greater
at 15.0 ± 1.1 days.
3.7. Analysis of vacuolar proteases and lipases in erg2Δ cells
Since accumulation of autophagic bodies are a reﬂection of an inabil-
ity to digest autophagocited cargoes, we analysed if defects in either
proteases or lipases could be at play. Protease A (PrA, Pep4p) activity
was determined as the release of tyrosine from haemoglobin at acidic
pH [36] (Fig. 7A). Both erg2Δ and vph1Δ mutants showed clearly re-
duced PrA activities (ca 61% and 70%, respectively), compared with a
wild-type strain; in contrast, stv1Δ showed only a modest decrease
(ca 82%). Nonetheless, the activities observed in all these strains were
much greater than those observed in a pep4Δ prb1Δ strain (ca 10% com-
pared with W303-1a).
We also followed the processing and transport of Atg15p, a lipase es-
sential in autophagy [54]. Under nitrogen starvation conditions, a GFP-
Atg15p fusion protein was dually localised in the ER and in the vacuole
in all strains (Fig. 7B). Furthermore, all strains tested showed glycosylat-
ed Atg15p and, upon nitrogen starvation, reduced their protein levels as
expected from its transport into the vacuole (data not shown). In addi-
tion, we examined if Atg26p, a sterol-glycosyltranferase could be in-
volved. However, under nitrogen starvation conditions, an atg26Δ
strain did not accumulate autophagic bodies (data not shown).
4. Discussion
In this work, we have shown that 8-dehydrosterols disrupt
V-ATPase-dependent organelle acidiﬁcation. This explainswhymutants
bearing a defect on the ERG2 gene display phenotypic features similar to
those found in Vma− strains. Consequently, expression of an alternative
H+-pump alleviates these phenotypes. It has already been proposed
that Δ14-sterols and 14α-methylated sterols exert part of their effects
through inhibition of the vacuolar H+-ATPase in budding yeast and
Candida albicans [24,25]. However, the biochemical and cellular conse-
quences of the accumulation of different abnormal sterols may differ
signiﬁcantly; e.g., translocation of proteins from the endoplasmic retic-
ulum(ER) to the Golgi system is inhibited by cholesterol, allocholesterol
or dehydrocholesterol but not by lathosterol or cholesta-8(14)-en-3β-
ol [42]. Similarly, in Ustilago maydis, the proton transport across plasma
membrane vesicles was found to be uncoupled by 8-dehydrosterols but
no differenceswere observed in the presence of 14α-methylated sterols
[55]. In this respect, our data show that the effects observed in erg2Δ
mutants or in fungicide-treated cells are actually due to the accumula-
tion of toxic 8-dehydrosterols and not simply by a depletion of ergoster-
ol in their membranes, since other ergosterol-depleted strains show
varied degrees of acidiﬁcation defects ranging from mild to null, com-
pared with a wild-type strain.
In comparisonwith the effects observed inΔ14-sterols accumulating
fungal cells, the present data stand for a somewhat similar mechanism
of action for 8-dehydrosterols against the yeast V-ATPase; i.e., they re-
duce the proton translocation capacity of this pump. Still, Δ14-sterols
have been shown to inhibit both ATPase and proton pumping activities
to the same extent [25] while 8-dehydrosterols provoke a compara-
tively smaller effect on V-ATPase hydrolytic activity. A conformational
change of the protein or a greater exposure from the lipid bilayer is sug-
gested by a greater sensitivity of subunit a to proteolytic degradation
andmay be signiﬁcant in the uncouplingmechanism. The actual reason
Fig. 5. Accumulation of autophagic bodies. (A) Autophagic bodies as observed by Nomarsky optics in the indicated strains and treatments under normal and nitrogen starvation growth
conditions for 5 h. Strains used are derivatives of W303-1a except pep4Δ prb1Δ (BJ3505). Arrows denote autophagic bodies (B) Quantiﬁcation of the proportion of cells displaying
accumulation of autophagic bodies under normal growth and nitrogen starvation conditions for 5 h. Same strains as in panel A. Open bars: normal growth conditions; solid bars: nitrogen
starvation conditions. (C) Proportion of cells expressing IPP1 or TcGFP-AVP1 displaying autophagic bodies under normal and nitrogen starvation conditions for 5 h. Strains used were
derivatives of YPC3. Normal growth medium: solid black and white bars; nitrogen starvation conditions: hatched and grey bars; black and hatched bars depict IPP1 expressing cells;
white and solid grey bars represent TcGFP-AVP1 expressing strains. For both B and C panels, a minimum of 300 cells were counted per experiment. Data are means ± SE of three
independent experiments.
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nisms spring to mind: on the one hand, 8-dehydrosterols are non-
planar molecules that, as such, may have a smaller fatty acid ordering
capacity that could lead to a thinner bilayer; this could leave protease-
sensitive domains from Vph1p exposed; however, lanosterol is also
an 8-dehydrosterol that, although it increases protease sensitivity
to yeast V-ATPase subunits [24], it induces no differences in bilayer
thickness, as compared with cholesterol or ergosterol [56]. On the
other hand, V-ATPase V0 domain subunits may require direct contact
with sterols for stability and H+-transport and the interaction with
8-unsaturated sterols may provoke dysfunctions. This is in agreement
with the association of V-ATPases with lipid rafts in mammalian cells
[57,58] and with the requirement for cholesterol that the chromafﬁn
granule V-ATPase has for proton pumping but not for ATP hydrolysis
in reconstituted vesicles [59].
In our hands, inhibition of the proton pumping activity of the
V-ATPase by 8-dehydrosterols had clear effects on endo- and exocytosis
(Pma1p pathway) but did not prevent membrane fusion-dependent
translocation of cargoes to the plasma membrane through the Suc2p
pathway or to the vacuole through the CVT, ER/Golgi-to-vacuole or
autophagy pathways, as assessed by invertase and Pho8Δ60p assays,
localisation and assembly of V-ATPase and ﬂuorescence microscopy
localisation of GFP-Atg15p and GFP-Atg8p. Although paradoxical this
is not extraordinary: dependence on V-ATPase for lumen acidiﬁcation
may differ between pathways and each organelle typically displays a
different characteristic pH gradient with respect to the cytosol.Conversely, inhibition of the V-ATPase is unlikely to be complete
in vivo. Furthermore, there exist some ATPase-independent luminal
acidiﬁcation processes [60] that could sufﬁce to provide the small pH
gradients necessary [2].
Endocytosis is a remarkable example of the effects of 8-dehydrosterols
on cellular functionswith anunresolvedmechanism to date [23]. Notably,
this process seems to be especially dependent on luminal acidiﬁcation,
since both erg2Δ and vph1Δ cells show distinctly reduced intakes of
LY and FM4-64. Consequently, endocytosis defects in these mutants
were relieved by the introduction of an alternative proton pump, provid-
ing a direct causative link between abnormal sterols, V-ATPase activity
and a process at the cellular level. Also, the present data show for the
ﬁrst time that cells defective in sterol-Δ8,Δ7-isomerase activity exhibit a
V-ATPase-dependent exocytosis defect affecting the Pma1p pathway
since, like vph1Δmutants, they partially mislocalise this protein to the
vacuolar membrane [61] and the expression of an alternative H+-pump
reverses this defect. Moreover, this may be at the root of the cell wall de-
fects observed in this and other studies [48] since cell wall synthesising
and remodelling enzymes are transported to the plasma membrane fol-
lowing the exocytic routes, often the same one as Pma1p [49,62].
Baﬁlomycin A is routinely used in mammalian systems as a speciﬁc
V-ATPase inhibitor useful to dissect autophagy-dependent processes.
Although there is some debate on the mechanisms, it is considered
that inhibition of V-ATPase can block the autophagic ﬂux in mammals
[63]. Likewise, yeast V-ATPase mutants are accredited autophagy
mutants because lack of V-ATPase activity blocks the maturation
Fig. 6. Autophagy defects in erg2Δmutants do not imply impairment of cargo transloca-
tion to the vacuole. (A) Alkaline phosphatase assays from pho8Δ60 cells. Bulk delivery
and accomplishment of autophagy was assessed as alkaline phosphatase activity using
α-naphtol as substrate in cells expressing a truncated form of the vacuolar inducible
alkaline phosphatase under normal growth and nitrogen starvation conditions for 3 h.
F.U.:ﬂuorescence units. Open bars: normal growth conditions; solid bars: nitrogen starva-
tion conditions. Data are means ± SE of three independent experiments. All strains were
derivatives of SAH27 (see Table 1). (B) Transport and processing of aminopeptidase I
under normal and nitrogen starvation conditions.Whole cell extracts (50 μg)were probed
with an anti-Ape1p antibody. All strains are derivatives of W303-1a, except atg4Δ
(SEY6210). Loading was estimated by in-gel TETF and referred to values observed on
the atg4Δ control lane. (C) Localisation of a GFP-Atg8p chimaera in cells subjected to
normal growth or nitrogen starvation conditions for 3 h. Nomarsky: Nomarsky differential
interference contrast; GFP: Green ﬂuorescent protein. All strains are derivatives of W303-
1a (D)Cell survival under nitrogen starvation. Stationaryphase-cellswere kept innitrogen
source-free minimal medium and the viability was probed at the indicated times as the
capacity of individual cells to form colonies (CFU, colony forming units) and expressed
as a percentage of total cells in the culture. Open squares: wild-type (SEY6210); closed
squares, atg8Δ (WPHYD7); open circles: wild-type (W303-1a); closed circles: erg2Δ
(SAH2); open triangles: vph1Δ (SAH7).
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internalised cargoes [64]. This, together with our previous results on
membrane trafﬁc, led us to hypothesise that cells defective in V-
ATPase activity, such as 8-dehydrosterol accumulating cells, would dis-
play autophagic deﬁciencies. In this sense, it was puzzling to a certain
extent to ﬁnd that erg2Δ and Vma−mutants vph1Δ and stv1Δ showed
no impairment in autophagic ﬂux. As mentioned before, a plausible ex-
planation is that the small gradient necessary for membrane fusion [2]
may be achieved through V-ATPase–independent mechanisms [60].
On the other hand, autophagic bodies were found to accumulate, al-
though thiswas not accompanied by a loss of survival capacity under ni-
trogen starvation conditions. To the authors' knowledge, it has not been
evaluated to date to which extent it is necessary to impair protease ac-
tivity to observe accumulation of autophagic bodies; on the contrary,
studies this far usually made use of protease deletion mutants or high
inhibitor concentrations. In this respect, our data point out that impair-
ment of vacuo/lysosomal acidiﬁcation has mild but effective conse-
quences on protease A/Pep4p activity. This is consistent with mutants
affected in V-ATPase proton pumping, such as stv1Δ, vph1Δ, and
erg2Δmutants, not inducing the full range of phenotypes observed in
other autophagymutants; particularly, reduced survival under nitrogen
starvation conditions, ineffective aminopeptidase I processing or re-
duced activity in the modiﬁed alkaline phosphatase Pho8Δ60p assay.
The latter two proteins rely on proteolysis by Prb1p for activation [65],
an event occurring in the vacuolar lumen. Prb1p itself undergoes a se-
ries of proteolytic modiﬁcations en route to the vacuole, being ﬁnally
processed in the lumen by Pep4p in a luminal low pH dependent man-
ner [64]. Hence,we posit amodelwhere 8-dehydrosterols inhibit lumen
acidiﬁcation which, in turn, results in a modest reduction in protease A
activity that drive autophagic body accumulation on nitrogen starvation
conditions; nevertheless, this chain of events is insufﬁcient to hamper
autophagy severely or affect processing of vacuolar resident proteins.
This may have implications on the interpretation of experiments
where baﬁlomycin A is used to probe autophagy.
In algae, many protists and higher plants, V-ATPases and H+-PPases
share a common location at the vacuolar membrane. Recently, we have
shown that the latter type of pumps is sufﬁcient for acidifying internal
compartments in yeast [26]. When grown on glucose, YPC3 yeast cells
expressing TcGFP-AVP1 reﬂect closely the situation found in plant
cells in terms of PPi homeostasis and proton transport across the tono-
plast. These yeast cells have been shown to display a vigorous endocy-
tosis, nearly correct exocytic transport of Pma1p, and a robust cell wall
while accumulating abnormal sterols. Thus, the presence of a double
set of H+ pumps may explain why algae and plants can tolerate sterol
biosynthesis inhibitors used as crop protecting fungicides, even though
they do affect the sterol composition of their cell membranes [66].
Mutations in ERG2 and, consequently, the accumulation of 8-
dehydrosterols, is not lethal in yeast but in more complex organisms
Fig. 7. Analysis of vacuolar protease and lipase defects in V-ATPase and erg2Δmutants.
(A) Protease A activity. Cells were grown to stationary phase and protease activity assayed
using whole cell extracts as the liberation of tyrosine from haemoglobin at pH 3.2. All
strains are W303-1a derivatives, except pep4Δ prb1Δ (BJ3505). (B) Localisation of the
Atg15p lipase in the vacuole under nitrogen starvation conditions (3 h). All strains are
derivatives of W303-1a where the genomic copy of the ATG15 ORF has been modiﬁed
to include an in-frame GFP tag at the N-terminus of the translated protein. Nomarsky:
Nomarsky differential interference contrast; GFP: Green ﬂuorescent protein.
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development cannot be completed [67]. The current line of thought
is inclined towards abnormal sterols altering Hedgehog signalling. Nev-
ertheless, the present data, without casting off the former hypothesis,
introduces a novel player and possible mechanism, namely V-ATPase
inhibition. Work is needed to ascertain if V-ATPase defects phenocopyCDPX2 and if cells from CDPX2-affected individuals or models show
diminished V-ATPase activities in tissues such as cartilage.
In this report, we also demonstrate the suitability of a plant vacuolar
H+-pumping PPase to discern proton gradient-dependent and indepen-
dent cellular events in yeast. Moreover, it extends this value beyond
that reported recently for the study of yeast V-ATPase physical involve-
ment in homotypic vacuole fusion using a similar approach [2].
All in all, the present study shows that 8-dehydrosterols provoke
an inability to acidify yeast vacuoles and possibly other vesicular
organelles. This, on its turn, is at the root of the defects on endocytosis,
exocytosis, cell wall maintenance and autophagy observed in these
mutants. The presence of a double set of primary H+ pumps in 8-
dehydrosterol-accumulating cells alleviates phenotypes and allows
cells to proliferate under restrictive conditions. As stated above, the
implications of these results span multiple aspects in eukaryotic cell
biology that range from genetic rare diseases in humans to fungicide
tolerance in plants and certain fungi.Conﬂict of interest
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